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RESEARCH  GOALS 


The  goal  of  this  research  project  was  to  achieve  the  following  objectives:  (i)  identify  and 
evaluate  the  effects  of  the  key  factors  that  influence  the  process  of  hydrogen  entry  into  metals 
particularly  steels  and  lead  to  their  subsequent  embrittlement  under  various  service  conditions,  and 
(ii)  search  for  and  develop  remedial  measures.  Three  parallel  approaches  were  pursued 
simultaneously,  i.e.  (a)  Identification  of  the  conditions  which  lead  to  the  unexpected  generation  of 
hydrogen  within  crevices,  pits  and  localized  corrosion  grooves  around  grain  boundaries  or  non- 
metallic  inclusions,  (b)  Measurements  of  the  rates  of  hydrogen  permeation  through  metals  e.g. 
iron  and  some  steels,  and  (iv)  evaluation  of  some  additives  as  inhibitors  for  the  absorption  of 
hydrogen  in  iron. 


SUMMARY  OF  RESULTS 

The  progress  achieved  on  the  project  is  summarized  in  the  following  points: 

1 .  Conditions  for  hydrogen  absorption  within  cavities  and  grain  boundary  grooves 

We  have  investigated  the  conditions  which  lead  to  the  generation  of  hydrogen  within  surface 
cavities.  Such  cavities  exist  at  the  junctions  of  metals  with  other  materials  or  at  the  surface 
intersections  of  inclusions  in  metals,  or  form  during  service,  e.g.,  cracks  which  are  initiated  under 
open  circuit  or  cathodic/anodic  protection  situations.  The  results  showed  that  the  aspect  ratio 
(depth/width)  is  a  most  important  property  of  the  system.  This  aspect  ratio  is  independent  of  the 
actual  depth  of  a  cavity.  Hence,  a  very  shallow  crack  and  a  very  deep  crack  may  have  the  same 
aspect  ratio  but  have  different  widths.  This  result  is  readily  obtained  based  on  a  modeling  analysis 
in  one  of  our  earlier  ONR  sponsored  research  publications  (Ateya  and  Pickering,  1975). 
Consequently,  a  shallow  crack  could,  in  principle,  have  the  same  IR  drop  as  a  deep  crack  since  the 
magnitude  of  the  IR  is  a  function  of  the  aspect  ratio  rather  than  simply  of  the  crack  depth.  The 
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consequences  of  this  independence  of  aspect  ratio  and  cavity  depth  has  led  to  a  working  hypothesis 
on  how  stabilization  of  pit  growth  following  passive  film  breakdown  may  occur  (1).  The  concept 
is  equally  powerful  for  the  analysis  of  crack  formation  and  stabilization  during  both  cathodic  and 
anodic  polarization  where  either  hydrogen  absorption  or  metal  dissolution  may  be  responsible  for 
the  cracking  event.  A  discussion  of  the  aspect  ratio  in  the  context  of  potential  distribution  within 
localized  corrosion  processes  is  presented  in  our  publications  including  those  listed  for  this 
reporting  period  (2). 

2.  Crevicing  Paths 

An  analysis  was  also  performed  on  the  various  localized  corrosion  paths  (3). 

Fig.  1  illustrates  the  various  combinations  (paths)  of  changes  in  acidity  and  electrode  potential,  E, 
which  are  encountered  in  crevice  corrosion  on  a  Pourbaix  diagram.  The  arrows  refer  to  the 
direction  of  change  of  E  and  pH,  starting  from  the  external  passive  surface  of  the  crevice  towards 
its  actively  dissolving  interior.  Paths  1  and  3  illustrate  limiting  cases.  Path  1  is  a  large  increase  in 
acidity  and  no  change  in  E  (no  IR  voltage).  Path  3  is  a  large  shift  of  E  in  the  negative  direction 
(large  IR  voltage)  with  no  change  in  acidity.  Path  1  describes  a  hypothetical  limiting  case  in  which 
the  increase  in  acidity  destroys  passivity  under  potentials  in  the  passive  region.  It  is  strictly 
applicable  only  when  the  electrolyte  has  infinite  conductivity,  such  that  the  flow  of  the  current 
within  the  crevice  electrolyte  causes  no  IR  voltage.  This  path  cannot  represent  real  systems.  In 
reality,  the  crevice  electrolyte  has  a  finite  resistivity,  which  can  be  rather  high  in  view  of  its 
geometry,  particularly  in  the  presence  of  solid  or  gaseous  corrosion  products  which  constrict  the 
current  path  and  lead  to  very  large  IR  voltages.  In  such  systems,  the  increase  in  acidity  within  the 
crevice  is  necessarily  associated  with  an  IR  voltage  and  associated  shift  of  the  electrode  potential, 
E(x),  in  the  negative  direction  in  promoting  crevice  corrosion,  as  path  2  illustrates. 

Path  3  can  be  attained  by  continuous  mixing  of  the  crevice  electrolyte  with  the  bulk  solution,  by 
buffering  the  solution,  or  if  the  bulk  electrolyte  is  at  the  equilibrium  pH  of  the  hydrolysis  of  the 
metal  ions,  i.e.,  ~pH  4  for  Fe  and  pH  2  for  Ni.  Except  in  the  case  of  mixing,  this  potential  shift 
will  be  accompanied  by  anion  accumulation,  e.g.,  chloride  if  chloride  ions  are  present  in  the 


4 


solution,  and  other  changes  in  solution  composition  even  though  there  is  no  acidification.  A  major 
finding  on  the  project  was  that  in  the  total  absence  of  concentration  changes  (convective  mixing 
case),  path  3  (i.e.,  IR  voltage  by  itself)  was  shown  to  produce  stable  crevice  corrosion  (4), 
confirming  earlier  results  on  the  project  for  constant  pH  conditions  using  a  buffer.  This  result 
experimentally  refuted  the  earlier  published  positions  by  some  researchers  that  IR  voltages  were 
merely  a  consequence  of  the  crevice  corrosion  process. 

Path  4,  like  path  2,  represents  a  case  where  potential  drops  are  accompanied  by  pH  and  other 
composition  changes  within  the  crevice  but  for  path  4  the  pH  increases  unlike  path  2.  Path  4  is 
encountered  in  strongly  acidic  bulk  electrolytes  whereas  path  2  is  encountered  in  higher  pH  bulk 
solutions.  Thus,  whereas  crevice  corrosion  for  path  2  involves  acidification,  path  4  involves 
deacidification.  For  both  paths  2  and  4,  chloride  accumulation  occurs  if  the  bulk  solution  contains 
chloride  ions.  Chloride  ion  accumulation  is  also  expected  for  path  3  except  when  convective 
mixing  occurs  during  crevice  corrosion  as  shown  elsewhere  (4). 

Paths  3  and  4  illustrate  situations  in  which  the  IR  potential  drop  promotes  crevice  corrosion  but 
there  are  no  significant  or  favorable  pH  changes.  Rather,  the  change  in  pH  in  path  4  tends  to  lower 
the  stability  of  an  ongoing  crevice  corrosion  process  as  shown  elsewhere  (4).  Either  a  buffer 
solution  or  convective  mixing  maintains  the  pH  within  the  crevice  close  to  that  of  the  bulk  solution 
(path  3).  For  the  case  of  a  constant  pH  produced  by  a  buffer,  the  polarization  curve  of  the  metal  in 
the  crevice  electrolyte  does  not  change  from  that  of  the  bulk  electrolyte  except  to  the  extent  caused 
by  changes  in  concentration  of  species  other  than  hydrogen  ions.  In  the  case  of  convective  mixing, 
the  concentrations  of  all  species  in  the  crevice  electrolyte  approximates  those  of  the  bulk  electrolyte 
throughout  the  experiment  so  that  the  polarization  curve  of  the  crevice  electrolyte  remains  close  to 
that  of  the  bulk  electrolyte.  In  this  case,  the  bulk  solution  polarization  curve  can  be  used  to  predict 
the  characteristics  of  the  crevice  corrosion  process  as  shown  (4).  Since  in  path  3  and  also  in  path  4 
where  any  compositional  changes  that  occur  are  largely  unfavorable  for  promoting  crevice 
corrosion,  it  is  clearly  the  IR  voltage  that  stabilizes  the  crevice  corrosion  process.  It  does  so  by 
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shifting  the  electrode  potential,  E(x),  at  locations  within  the  crevice  to  less  noble  values  and  into  the 
active  peak  of  the  polarization  curve  where  the  IR  >  A(|)*  criterion  is  met. 

For  polarization  curves  with  active/passive  transitions,  crevice  corrosion  begins  immediately  if 
the  IR  >  A(t)*  condition  is  met  at  time  zero,  i.e.,  there  is  no  induction  period.  Conversely,  an 
induction  period  exists  prior  to  the  onset  of  crevice  corrosion  when  the  IR  >  Atj)*  condition  is  not 
initially  met,  if  the  solution  composition  changes  in  such  a  way  so  as  to  increase  I  or  R,  and/or 
decrease  A(|)*.  This  is  expected  for  path  2  where  acidification  increases  the  size  of  the  active  peak 
but  not  for  path  4.  For  example,  for  iron  or  corrosion-resistant  alloys  in  neutral  or  alkaline 
solutions,  induction  periods  typically  exist  prior  to  the  onset  of  crevice  corrosion.  It  remains  to  be 
determined  whether  or  not  the  induction  period  ends  when  the  changes  in  the  polarization  curve,  as 
caused  by  acidification,  are  sufficient  to  enable  the  above  IR  criterion  to  be  met.  In  the  presence  of 
chloride  ions  in  the  bulk  electrolyte,  the  IR  voltage  (the  potential  field)  causes  them  and  other 
anions  to  migrate  into  and  accumulate  within  the  crevice  (in  the  absence  of  convective  mixing).  As 
in  the  case  of  acidification,  this  may  lead  to  progressive  increases  in  the  size  of  the  active  peak.  As 
such,  the  role  of  Cl"  ion  would  be  consistent  with  the  scenario  that  the  induction  period  ends  as  IR 
>  Acj)*  is  approached  (since  I  increases  and  Aij)*  decreases).  These  effects  have  been  recently 
discussed  (4)  and  are  currently  under  study. 

3 .  Distribution  of  anodic  and  cathodic  reaction  sites  during  environmentally  assisted  cracking. 

We  have  analyzed  the  effects  of  charge  and  mass  transport  limitations  on  the  distribution  of 
cathodic  and  anodic  reactions  on  the  flanks  of  environmentally  assisted  cracks  (5).  Under 
conditions  of  cathodic  protection  of  the  metal  surface,  it  is  shown  that  the  presence  of  recesses  or 
cracks  leads  to  significant  changes  in  the  potential  and  ionic  concentrations  at  various  distances  into 
the  cavity.  Consequently,  the  rate  of  the  hydrogen  evolution  reaction  decreases  with  increasing 
distance  into  the  cavity.  For  base  metals  and  alloys,  e.g.,  Fe  or  Ni,  metal  dissolution  occurs  with 
progressively  increasing  rates  at  increasing  distance  into  the  crack.  The  variations  of  these  cathodic 
and  anodic  current  distributions  with  distance  within  the  crack  (or  with  the  time  of  cracking) 
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depends  on  the  dimension  of  the  opening  of  the  crack,  a,  the  diffusivity  of  the  hydrogen  ion,  D^, 
and,  hence,  the  conductivity  of  the  electrolyte,  and  the  polarization  at  the  external  surface  of  the 

metal,  ri(0).  Analysis  of  the  migration-diffusion  problem  leads  to  the  development  of  a 

characteristic  depth  given  by 


*  TT  ^  1 


1/2 

cm 


where  c°  is  the  acid  concentration,  and  p  and  ip  are  the  charge  transfer  coefficient  and  the 

exchange  current  density  of  the  hydrogen  evolution  reaction,  respectively.  Z  has  a  strong  effect  on 
the  behavior  of  the  system. 

Figure  2  illustrates  the  geometry  of  the  crack,  while  Figures  3-5  illustrate  the  distributions  of 
potentials  and  currents  within  cracks  of  various  opening  dimension  a  and  various  values  of  Z.  The 
figures  also  show  the  positions,  within  the  crack,  where  iron  dissolution  starts  to  occur. 

4.  Chromium  depletion 

We  have  shown  that  the  dissolution  of  the  Cr-depleted  zones  around  the  grain  boundaries  of 
sensitized  Type  430  stainless  steel  leads  to  the  generation  of  subsurface  grooves  which  grow  and 
branch  out  within  the  substrate  alloy  which  has  normal  chromium  content.  This  establishes  local 
conditions  which  lead  to  the  generation  of  hydrogen  within  the  grooves,  and  to  subsequent 
hydrogen  embrittlement  (6-8).  We  observed  subsurface  grooves  which  are  up  to  50  fold  wider 
than  the  width  of  the  Cr-depleted  zone  in  Type  430  stainless  steel.  We  have  also  shown  that 
hydrogen  gas  is  being  evolved  within  these  grooves,  even  though  their  external  surface  is  under 
conditions  which  prohibit  such  a  reaction.  Details  of  these  investigations  appear  elsewhere  (6-8). 


Our  focus  on  the  generation  of  hydrogen  gas  within  growing  surface  cavities  and  its 
subsequent  absorption  and  embrittlement  of  the  metal  involved  considerable  amounts  of 
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mathematical  modeling  and  experimental  testing.  Available  results  have  been  published  and/or 
presented  as  reviews  during  the  last  few  years  (2,  5,  9,  10).  Some  of  the  consequences  of  these 
studies  for  metallic  surfaces  under  cathodic  polarization,  impact  on  the  need  for  an  improved 
analytical  characterization  method  for  predicting  (i)  the  success  or  failure  of  cathodic  protection  of 
recesses,  (ii)  the  occurrence  of  active  dissolution  at  the  crack  tip  and  adjacent  crack  flanks,  and  (iii) 
the  distribution  of  hydrogen  charging  rate  on  the  crack  flanks. 

5.  Underpotential  deposition  and  absorption  of  hydrogen  (UPD) 

The  question  of  underpotential  deposition  of  hydrogen  is  of  particular  concern  to  the  problem 
of  hydrogen  embrittlement.  For  the  case  of  hydrogen,  underpotential  deposition  refers  to 
hydrogen  evolution  (and  hence  absorption  within  the  metal)  at  potentials  more  noble  than  the 
equilibrium  potential  of  the  hydrogen  reaction  by  several  tens  of  millivolts.  We  have  obtained 
some  preliminary  results  on  the  UPD  of  hydrogen  on  Pd  where  it  was  found  that  hydrogen  entered 
and  diffused  through  Pd  while  its  surface  was  controlled  at  a  more  noble  potential  than  the 
equilibrium  potential  of  the  hydrogen  reaction.  These  measurements  need  to  be  continued  and  the 
results  analyzed  before  testing  the  same  phenomenon  on  iron. 

6.  The  rate  and  distribution  of  the  HER  during  shape  evolution  of  an  active  crevice. 

The  shape  evolution  of  an  active  crevice  has  been  characterized  from  the  onset  to  termination  of 
the  crevice  corrosion  process.  The  location  of  the  HER  within  the  crevice  has  been  monitored  by 
microscopic  identification  of  (hydrogen)  gas  bubbles  on  the  crevice  surface.  The  bubbles  and  their 
growth  were  viewed  in-situ  through  a  transparent  material  (Plexiglas)  that  constitutes  the  other 
surface  of  the  crevice.  These  studies  are  reported  elsewhere  (4,10-15). 

7 .  Hydrogen  embrittlement  and  stress  corrosion  in  Ni  containing  ferritic  stainless  steels: 
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Work  is  underway  to  better  understand  the  difference  in  environmentally  induced  cracking  of 
ferritic  stainless  steels  (AL  294®-29%  Cr  and  4%  Mo)  and  ferritic  stainless  steels  with  minor  Ni 
additions  (AL  29-4-2®-29%  Cr,  4%  Mo  and  2%  Ni).  The  work  which  is  currently  being  pursued 
involves  electrochemical  (polarization  curves  and  potentiostatic)  experiments  on  material  which  is 
stressed  to  better  understand  the  interaction  between  the  metal  and  solution  which  defines  the 
susceptibility  of  the  alloys  to  chloride  SCC  and  HC.  Surface  and  solution  analysis  will  also  be 
completed  to  determine  what  processes  are  occurring  at  the  interface  when  these  two  alloys  are 
exposed  to  an  environment  that  is  known  to  promote  environmental  crack  propagation. 

8 .  The  role  of  chloride  ion  in  modifying  the  rate  of  hydrogen  absorption  in  iron: 

We  have  shown  that  chloride  ions  reduce  the  overpotential  for  the  HER  on  an  iron  surface  in 
both  acid  and  alkaline  solutions  at  23°C,  and  in  turn  reduce  the  hydrogen  coverage  and  permeation 
of  hydrogen  (16).  The  effects  on  permeation  are  more  pronounced  in  alkaline  than  in  acid 
solutions,  see  Fig.  6.  Permeation  transients  at  constant  electrode  potential  of  the  charging  surface 
and  subsequent  surface  (XPS)  analyses  of  the  uppermost  atom  layers  of  the  hydrogen  charged  iron 

surface  indicate  (i)  either  a  reversible  or  low  coverage  with  Cf  ions,  (ii)  a  low  hydrogen  coverage 
which  is  not  influenced  significantly  by  Cf  ion  concentration  at  low  overpotentials,  and  (iii)  a 
marked  effect  of  Cf  ions  on  reducing  the  hydrogen  coverage  of  the  surface  and  the  permeability  in 
alkaline  solutions  at  high  cathodic  polarizations. 

9 .  Effects  of  BTA  and  BTA  +  Cu"^^  as  inhibitors  for  the  hydrogen  uptake  by  iron 

BTA  was  shown  to  inhibit  both  the  absorption  of  hydrogen  within  iron  and  the  rate  of 
hydrogen  evolution  (17).  Figures  7  and  8  and  Table  1  show  some  of  these  results.  We  have  also 
obtained  similar  results  on  iron  in  nearly  neutral  medium.  Fig.  9. 

The  addition  of  Cu^''  ions  to  BTA  was  shown  in  the  literature  to  inhibit  the  general  corrosion  of 
cobalt.  The  inhibition  was  attributed  to  the  formation  of  Cu^/BTA  film  on  the  cobalt  surface.  We 
used  the  same  idea  to  inhibit  the  hydrogen  absorption  on  iron  in  acidic  solution  of  0.1  N  H2SO4  + 
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0.9N  Na2S04.  The  addition  of  to  BTA  also  led  to  a  decrease  in  rate  of  the  HER.  Figures  10 
to  12  illustrate  some  of  the  results.  These  synergistic  effects  of  BTA  and  Cu^""  ion  are  analyzed  in 
detail  elsewhere  (18). 

10.  Kinetics  of  hydrogen  absorption  within  iron  using  the  IPZ  model 

We  have  long  been  concerned  with  the  kinetics  of  hydrogen  absorption  within  iron,  which  is 
the  first  step  in  the  processes  leading  to  hydrogen  embrittlement  and  eventual  failure  of  metals  and 
alloys.  A  mechanistic  (IPZ)  model  was  presented  earlier  (19,20)  which  provides  a  method  for 
calculating  rate  constants  for  the  relevant  processes  in  the  absence  of  other  adsorbing  species.  The 
model  has  been  used  in  analyzing  data  of  hydrogen  absorption,  e.g.,  in  the  presence  of  H2S  on  an 
earlier  ONR  Grant  (21),  in  the  laboratory  of  R.  E.  White  under  conditions  of  electroplating  iron 
with  a  protective  layer  of  Zn  (J.  Electrochem.  Soc.,  143.  1871  (1996)  and  in  the  presence  of 
thallium  as  a  promoter  of  hydrogen  entry  into  steel  (J.  Electrochem.  Soc.,  141,  1526  (1994)),  and 
in  the  laboratory  of  B.  E.  Wilde  under  conditions  of  laser  surface  alloying  to  impede  hydrogen 
entry  into  steel  (Corros.  Sci.,  37,  607  (1995)).  We  are  currently  applying  the  model  to 
measurements  obtained  in  the  presence  of  other  adsorbing  species,  e.g.,  BTA. 

1 1 .  STM  of  hydrogen  adsorption  on  clean  silicon 

In  this  study  some  characterization  of  hydrogen  adsorption  and  desorption  from  the  gas  phase 
on  a  clean,  single  crystal  (100)  silicon  surface  was  achieved  (22).  At  low  coverages,  hydrogen 
atoms  resided  on  top  of  the  dimerised  Si  atoms,  and  were  imaged  brightly.  The  hydrogen 
chemisorption  induces  buckling  of  dimers,  indicating  the  strong  bonding  between  Si  and  H  atoms. 
With  increasing  coverage,  both  the  (2x1)  monohydride  and  (1x1)  dihydride  phases  were 
formed.  The  former  was  imaged  dark  compared  with  the  unreacted  Si  dimers,  due  to  the  reduction 
of  the  density  of  electronic  states  near  the  Fermi  level.  Surface  etching  was  also  observed.  The 
extent  of  corrosion  of  the  surface  was  modest  in  the  monohydride  phase,  while  during  the 
formation  of  the  dihydride  phase,  it  became  more  significant.  The  behavior  of  hydrogen 
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desorption  from  the  dihydride  and  monohydride  phases  was  investigated  as  a  function  of  annealing 
temperature.  Our  STM  results  support  the  mechanism  that  the  desorbing  molecules  are  formed 
by  combination  of  two  hydrogen  atoms  forming  the  dihydride  phase.  Upon  annealing  at  elevated 
temperatures,  Si  overlayer  stripes  were  formed  by  desorption  of  hydrogen  from  the  etching 
products  and  the  rearrangement  of  the  Si  atoms. 
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Table  I.  Values  of  the  steady-state  permeation  current,  I,  and  the  concentration  of  hydrogen 
in  iron  at  the  input  surface,  C°,  at  different  concentrations  of  the  BTA 
at  a  potential  of  -0.65  V  (SCE). 


[BTA],  mM 


I  (|lA  cm^) 


C°  (mol  cm'^) 


0 

1 

10 

50 


2.17 

4.7  X  lO'® 

0.46 

1.0  X  10* 

0.24 

5.0  X  10  ’ 

0.16 

3.5  X  10  ’ 

14 


Figure  1. 
Figure  2. 

Figure  3. 

Figure  4. 
Figure  5. 
Figure  6. 
Figure  7. 

Figure  8. 
Figure  9. 
Figure  10. 
Figure  1 1 . 
Figure  12. 


FIGURE  CAPTIONS 

Illustration  of  the  various  paths  of  potential  and  pH  change  which  lead  to  the 
generation  of  localized  corrosion  cells  in  iron-based  systems. 

Model  of  a  crack  in  which  the  HER  occurs  on  the  outer  surface  (i^)  and  on  the  crack 
walls.  The  bulk  electrolyte  is  H"^  and  Y'  and  the  outer  (x  =  0)  surface  conditions  are  E 
(0)  and  ij. 

Potential  and  HER  current  distributions  within  cracks  of  various  depths  for  a  value  of 
the  characteristic  depth  Z  =  0.04  cm  during  cathodic  polarization  of  the  iron  surface 
(see  text). 

Effect  of  the  decrease  in  crack  opening  dimension  a  on  the  potential  and  current 
distributions  for  the  conditions  in  Fig.  3. 

Effect  of  the  decrease  in  cathodic  polarization  at  the  outer  surface,  E(0),  on  the 
potential  and  current  distributions  for  the  conditions  in  Fig.  3. 

Effect  of  Cr  ion  on  the  relation  between  i„  and  E  of  the  charging  surface  of  the  iron 
membrane. 

Schematic  illustration  showing  (a,  top)  the  position  of  the  iron  membrane  between  the 
two  electrolytic  cells  and  (b,  bottom)  the  boundary  conditions  imposed  on  the 
membrane  by  the  two  cells. 

Steady-state  permeation  current  (i^)  vs.  cathodic  potential  (-E  at  different  BTA 
concentrations. 

Hydrogen  permeation  transients  obtained  at  different  BTA  concentrations,  at  a 
cathodic  charging  current  of  1.25  mA  cm'^. 

Hydrogen  permeation  transients  obtained  at  a  charging  current  density  of  1 .25  mA 
cm'^  for  different  charging  solution  compositions. 

Hydrogen  permeation  transients  obtained  under  open  circuit  potential  for  different 
charging  solution  compositions. 

Steady  state  permeation  current  (i  J  vs.  cathodic  potential  (-E)  for  different  charging 
solution  compositions. 


Potential, E.V  (NHE) 


Figure  1 


Illustration  of  the  various  paths  of  potential  and  pH  change  which  lead  to  the 
generation  of  localized  corrosion  cells  in  iron-based  systems. 
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Effect  of  the  decrease  in  crack  opening  dimension  a  on  the  potential  and  current 
distributions  for  the  conditions  in  Fig.  3. 


iron  membrane 

cell  1  i  cell  2 


Figure  7 


Schematic  illustration  showing  (a, top)  the  position  of  the  iron  membrane  between 
the  two  electrolytic  cells  and  (b,  bottom)  the  boundary  conditions  imposed  on  the 
membrane  by  the  two  cells. 
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Figure  9  Hydrogen  permeation  transients  obtained  at  different  BTA  concentrations,  at 
cathodic  charging  current  of  1.25  mA  cm'^. 
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